PDZ domains are important peptide recognition modules which usually recognize short C-terminal stretches of their interaction partners, but certain PDZ domains can also recognize internal peptides in the interacting proteins. Due to the scarcity of data on internal peptide recognition and lack of understanding of the mechanistic details of internal peptide recognition, identification of PDZ domains capable of recognizing internal peptides has been a difficult task.
Introduction
PDZ domains are peptide recognition modules which mediate protein-protein interactions during assembly of protein signaling complexes in a variety of biological processes 1 . PDZ mediated interactions generally have low affinity but high specificity. Disruption of PDZ mediated interactions leads to a variety of human diseases like neurological disorders and cancer [2] [3] . PDZ domains constitute one of the largest family of globular domains in the human proteome and in silico analysis by te Velthuis et al. has revealed 267 occurrences of the PDZ domains in 154 human proteins 4 . However, PDZ mediated interaction network of human proteome is yet to be comprehensively characterized. Hence, several studies have attempted to decipher substrate specificity of PDZ domains. PDZ domains usually recognize five to seven residues long peptide stretches present at C-terminus of their interaction partners [5] [6] . These peptide recognition domains are typically ~80-90 amino acids long and have a conserved fold consisting of 5-6 β-strands and 2-3 α-helical segments. A hydrophobic binding pocket is formed by the residues from the βB sheet and αB helix along with conserved carboxylate-binding loop residues that interact with the free C-terminus of the peptide ligand ( Figure 1A ). Since peptide binding pocket of PDZ domains are closed at one end by the carboxylate binding loop and harbor conserved residues which can stabilize the free carboxy terminus of interaction partners, this binding pocket geometry is believed to be primary determinant of C-terminus peptide recognition by most PDZ domains (Figure 1 ) 6 . Although C-terminal peptide recognition is the canonical or most dominant mode of interaction for PDZ domains, there are examples of PDZ domains which can also recognize internal peptide (not present at C-terminus) stretches of their interaction partners. As compared to C-terminal peptide recognition mechanism, our understanding of the mechanistic details of internal peptide recognition by PDZ domains is limited. Hence, majority of the experimental as well as in silico studies for deciphering the specificity landscape of PDZ domains have concentrated on C-terminal peptide recognition. However, a recent genome wide screen using random octapeptide yeast two-hybrid library consisting of internal PDZ binding motifs (PBMs) has identified novel 24 PDZ domains 7 . This suggests that the ability of PDZ domains to bind internal peptides is much more prevalent than previously recognized. Therefore, it is important to understand the mechanism and coverage of internal peptide interactions by PDZ domains so that their interactions can be selectively targeted or modulated by small molecules and peptidomimetics. Internal peptide recognition by PDZ domains require the internal peptide to adopt specific conformations (e.g., β-finger 8 , cyclic peptides 9 ) which can be accommodated in the closed C-terminal peptide binding pocket or by subtle alteration in the shape and topology of the peptide binding pocket by deforming conformation of the carboxylate-binding loop of the PDZ domain 10 ( Figure 1B) . Some of the well-studied PDZ domains whose structures are available in PDB, e.g. Par-6 10 , DVL2 11 , DLG1-1 and hGIP [12] [13] can recognize both C-terminal and internal peptides by utilizing conformational plasticity of their carboxylate-binding loop.
However, it is indeed intriguing how a single PDZ domain can recognize both C-terminus and internal peptide ligands with high specificity by subtle alteration in the conformation of its carboxylate-binding loop. The conformational switch in PDZ domain for C-terminal vs internal peptide recognition is also often allosterically regulated as in case of cell polarity protein Par-6.
Par-6 is a multi-domain protein which constitutes a critical component of the cell polarity complex 14 . It consists of Phox/Bem (PB1) domain, Cdc42/Rac-interactive binding (CRIB)
domain and PDZ domain. This single PDZ domain in Par-6 can bind to C-terminal of Crumbs protein as well as an internal peptide stretch in Pals1 protein. However, the binding of Rho GTPase Cdc42 to adjacent 26 amino acid long CRIB domain leads to allosteric transition in CRIB-PDZ resulting in a conformation which binds to C-terminal peptide with a 10 fold higher affinity [15] [16] , while internal peptide can bind to Par-6 PDZ in absence of Cdc42 10 . Since crystal structures are available for Cdc42 bound CRIB-PDZ module of Par-6 and Par6 PDZ domain alone in complex with C-terminal as well as internal peptide ligands, analysis of these structures have provided insights into structural basis of C-terminal vs internal peptide recognition and allosteric control of substrate recognition by Par-6 PDZ domain. Comparison of the crystal structures of the Par-6 PDZ domain in complex with C-terminal as well as internal peptides revealed that they mainly differ in the conformation of the carboxylate-binding loop 10 . In the Cterminus peptide complex, the carboxylate binding loop (CBL) is in "closed conformation" and forms a groove to hold the free C-terminus of the ligand peptide. In the internal peptide complex, CBL moves upward to accommodate the residues beyond pseudo C-terminus i. 26 . A molecular dynamics study on PSD95-PDZ3 showed the role of residues from β2-β3 loop and C-terminal extra domain helix in enhanced binding affinity for peptides, which cannot be inferred from static crystal structure 27 . Atomistic simulations have also helped in identification of crucial specificity determining residues of PDZ domain, which make stable contacts with substrate peptide during MD simulations, but are located beyond contact distance in the static structure. Based on MD simulations Steiner et al. 28 have proposed the involvement of "conformational selection" as a possible mechanism for C-terminal peptide recognition by PDZ3 domain of PSD95. A more recent study on CRIB-PDZ involving Markov
State Model (MSM) analysis of MD trajectories has investigated the role of allosteric effector on C-terminal peptide recognition 22 . Even though MD simulation studies on C-terminal peptide recognition by PDZ domain have provided valuable insights which can be obtained from analysis of crystal and NMR structures alone, internal peptide recognition by PDZ domain and allosteric regulation of C-terminal vs internal peptide recognition has not been investigated using MD simulation studies. Therefore, in this work we have carried out several microsecond scale molecular dynamics simulations on Par-6 PDZ domain to understand structural basis of internal peptide recognition and its allosteric regulation.
To explore the conformational landscape and understand the allostery involved in Par6
PDZ dual specificity, we performed molecular dynamics (MD) simulations of 1 μs in combination with MM-PBSA (Molecular Mechanics-Poisson-Boltzmann Surface Area) analysis on the multiple Par-6 PDZ complexes. These simulations were examined to identify the residues/features responsible for conformational rearrangements which may further be extrapolated to explore the internal peptide binding capabilities of other PDZ domains. Next to get better insight into recognition mechanism followed by Par-6 PDZ, we simulated both the peptide-bound crystal structures after removing their respective peptide and CRIB-PDZ module with and without CDC42 which led to identification of interaction mediating allosteric communication.
Results

Plasticity of carboxylate binding loop of Par6 PDZ
The availability of the crystal structures of C-terminal (PDB entry 1RZX) 15 (Table 1) . As described in methods section, while structure of cognate complexes corresponded to PDB entries 1RZX and 1X8S were available, non-cognate complexes were generated by exchanging the ligand peptides and 5B). In case of non-cognate internal peptide complex, when internal peptide coordinates were transformed onto the Par6-PDZ structure having closed conformation for carboxylate- Table 2 . Figure 6A shows the superposition of representative members from five of the clusters which are populated by the C-terminal cognate complex conformers, while Figure 6B shows time duration for which each of these five clusters were sampled during the 1 µs trajectory. As can be seen from Figure 6B and Table 2 Table 2) .
However, after ~215 ns the carboxylate binding loop moved downwards to interact with the free C-terminus of the peptide ligand and cluster 2 (depicted in yellow) which is very similar to the initial structure of cognate C-terminal complex was sampled for most part of the remaining 785 ns of the simulation with a percentage occupancy of 76.4% ( Figure 6C , 6D and Table 2 ). Other (Table S1 ).
Identification of critical residues involved in internal peptide recognition
The Figure 7D shows the plots for Asp 169:Asp (P+1) carbonyl distances throughout the trajectory for the noncognate and cognate internal peptide complex simulations. Based on these simulation results we propose the following mechanism for internal peptide recognition by Par-6 PDZ domain. The 
Identification of internal peptide recognizing PDZ domains
Next, we examined sequences of the PDZ domains reported to interact with internal peptides in the literature listed by Mu et al. (Table 3 ). All these PDZ domains have closed carboxylate-binding loop conformation in their crystal structure and HREMAVDCP was transformed on them. As this peptide is not their physiological ligand, a simulation with HREMAV as C-terminal peptide is also run for each of these PDZ domains and average binding energy is calculated using MM-PBSA for last 100ns of trajectory. Table 3 shows comparable binding energies for C-terminal peptide with all domains but with internal peptide CASK has higher binding affinity than DLG1-1 and MAST1 which is comparable to Par6. Results of simulations are summarized in Figure 8B showing superposition of first and last structure of trajectory for all three and Par6 PDZ domain. We can see CASK PDZ is able to In this way, PDZ domain is able to have regulated C-terminal peptide interaction. The hydrogen bonds between CRIB and PDZ in both the trajectories were analyzed which were stable for more than 60% of the simulation time. Table S4 lists those interactions and it shows that there is only one differential interaction in presence or absence of CDC42 i.e., interaction of Cys161. When CDC42 is bound to CRIB, Cys161N of PDZ interacts with
Val142O of CRIB and without CDC42, it interacts with Ser143OG ( Figure 9C ). It seems that this shift in interaction leads to change in conformation from close to open carboxylate-binding loop and in other words in conveying the allosteric effect of CDC42. This interaction is very important in deciding the conformation of carboxylate-binding loop because substitution of corresponding residues in Drosophila Par6b PDZ to cysteine i.e., Q144C and L164C to facilitate disulfide bond formation leads to CRIB-PDZ which resembles CDC42 bound CRIB-PDZ in structure and function with significant increase in affinity for C-terminal ligands 16 . When CDC42 interacts with CRIB, Asn39 from CDC42 forms hydrogen bond with backbone of Ser143 which moves it farther from PDZ 30 . Figure 10A Though interactions between CRIB and PDZ in presence of CDC42 have been studied earlier using the crystal structure of CDC42 bound CRIB-PDZ 30 but the shift in hydrogen bonding pattern of Cys161 has never been discussed and related to its structural consequences.
Since mutation of P171G (Drosophila numbering) which does not interact with CRIB or CDC42 directly leads to decoupling of effect of CDC42 on Par6 PDZ domain of Drosophila 15 , we wanted to decipher the allosteric path followed for conveying the effect of CDC42 binding to other end of carboxylate binding loop. We created a dynamic intra-molecular interaction map for CDC42 bound CRIB-PDZ using distance cutoff 4.5Å between any two atoms including only those which are stable for more than 60% of simulation time (see methods). The important residues involved in hydrogen bonding identified from our simulation i.e., Cys161 and Val142
and Pro168 have been selected with their first neighbors in Cytoscape 31 and this resulted in a residue interaction network showing interaction between Pro168 and other directly affected residues which is mediated by residues of αA helix of PDZ ( Figure 10C ). Though our analysis shows the long range structural communications between Pro168 and residues of CDC42 and CRIB, but how this network is affected when Pro168 is mutated to glycine cannot be deduced with present data.
Distance analysis of trajectories for close and open loop conformations
We have also used the distance of D169 ( 
Discussion
Penkert et al. 10 showed that when C-terminal peptide crystal structure is overlaid on the internal internal complex, CDC42 has no effect on its internal peptide binding. This study provides the possible mechanism of internal peptide recognition and the conservation profile of important residues in other similar internal peptide binding PDZ domains highlights that proposed mechanism might be extendable to other similar PDZ domains also. Thus we are able to predict 47 PDZ domains to be capable of interacting internal peptide from human PDZome. The simulations on CASK PDZ, DLG1-1 PDZ and MAST1 PDZ further validated our observations.
A recently published article indicated that Pals1 PDZ can interact with internal ligands based on its structural resemblance to Par6 PDZ internal peptide complex 32 and it also possess critical residues involved in internal peptide interaction as proposed by our simulation results.
MM-PBSA analysis is in agreement to the experimental dissociation constant data that without CDC42, C-terminal peptide has low affinity for PDZ domain. Thus, explaining the requirement of CDC42 for forming high affinity C-terminal complex 15 . Non-cognate and 
Methods
Compilation of starting structures for MD simulations
The crystal structures of C-terminal peptide ligand bound Par-6 PDZ domain (PDB ID:
1RZX) 15 and internal peptide bound Par-6 PDZ domain (PDB ID: 1X8S 10 ) were downloaded from PDB (http://www.rcsb.org). These two complexes are referred as cognate C-terminal and cognate internal peptide complex respectively. The non-cognate C-terminal peptide complex was generated by removing the native internal peptide coordinates from cognate internal peptide complex (1X8S) and then transforming the coordinates of the C-terminal peptide from cognate C-terminal peptide complex (1RZX) into the binding pocket of 1X8S after optimum superposition of the coordinates of the PDZ domains alone. Similarly the non-cognate internal peptide complex was generated by removing the native C-terminal peptide coordinates from cognate C-terminal peptide complex (1RZX) and then transforming the coordinates of the internal peptide from cognate internal peptide complex (1X8S) into the binding pocket of 1RZX.
The peptide free unbound structures for Par-6 PDZ domain were also generated by removing peptide coordinates from 1X8S and 1RZX, and used as starting structures for simulations on ligand free Par-6 PDZ. The crystal structure of Cdc42 bound CRIB-PDZ domain (PDB ID:
1NF3) 30 was obtained from PDB and used as starting structure for simulations on effector bound ligand free PDZ domain. The starting structure of CRIB-PDZ in absence of effector was obtained from 1NF3 by removing coordinates of Cdc42. The PDB entries 1KWA 33 , 3RL7 34 and 3PS4 were used as starting structures for MD simulations on CASK, DLG1-1 and MAST1 PDZ domains.
MD simulations
The explicit solvent MD simulations were carried out by AMBER 12 35 package using ff03 force field 36 . The structures were solvated using TIP3P 37 water model such that rectangular solvent boxes extended of 8 Å away from the outer most protein atoms in X, Y and Z directions.
The net charge of the solvated system was then neutralized by addition of required number sodium or chloride counter ions. All the systems were simulated using these Periodic boundary conditions. The long-range electrostatic interactions were computed in reciprocal space using particle-mesh Ewald method (PME) 38 and a cut off of 10Å was used for non-bonded interactions in direct space. Langevin temperature equilibration scheme was used to maintain the temperature of the system. Constant pressure periodic boundary of an average pressure of 1 atm was used with isotropic position scaling to maintain the pressure. The various solvated systems were minimized using steepest descent algorithm initially and then conjugate gradient approach to an RMS gradient of 0.001 kcal/mol/Å. After minimization, they were allowed to heat up gradually from 0 K to 300 K over 20 ps of MD simulation at constant volume. The second equilibration step consisted of 100ps of MD simulation under NPT conditions. After equilibration production MD simulations of 500ns or 1 μs were performed under NPT conditions for each of the systems using time step of 2 fs. The bonds involving hydrogen were constrained using SHAKE alogorithm. Snapshots were saved at an interval of 100 ps for subsequent analysis. The simulations were carried out on workstations with NVIDIA GPUs using PMEMD (particle mesh Ewald molecular dynamics) module of AMBER. The MD trajectories were analyzed using PTRAJ module of AMBER 12 and in-house perl scripts.
Analysis of hydrogen bonds in MD trajectories
The analyses of various types of hydrogen bonds in structures sampled during the MD simulation were carried by using hbond command of the cpptraj module of AMBER package.
The criteria for defining hydrogen bonded atoms pairs involved a donor-acceptor distance of less or equal to 3.5Å and donor-hydrogen-acceptor angle of 135º or higher. The hydrogen bonds which remained intact for more than 60% of the simulation length were considered as dynamically stable hydrogen bonds.
Cluster analysis of MD trajectories
The snapshots from MD trajectories of 1 μs length were extracted at an interval of 1 ns using PTRAJ module of AMBER. This resulted in 1000 conformers per simulation. The conformers from cognate and non-cognate C-terminal and internal peptide complex simulations (total 4000 conformers) were clustered together using the kClust utility of the MMTSB 
MM-PBSA analysis
In order to calculate the binding free energies for cognate and non-cognate peptides in Cterminal and internal peptide complexes, 2000 frames at 500 ps interval were retrieved from each of the four 1 μs trajectories for various cognate and non-cognate complexes of Par-6 PDZ domain. The solvent molecules were removed from the snapshots and implicit solvent MM-PB/SA calculations were performed on these trajectories using python module of MM-PB/SA package of AMBER 12 40 . The binding free energy for the peptide was calculated by subtracting the free energy of peptide and PDZ domain from free energy of the whole complex. For MM-PB/SA calculations on CASK, MAST1 and DLG1-1 PDZ-peptide complexes, 1000 frames were extracted at 500 ps interval because the simulation lengths were 500ns only.
Multiple sequence alignment of PDZ domains
Sequences of internal peptide binding PDZ domains were obtained from the published work of Mu et al. 7 and multiple sequence alignments were carried out using Clustal Omega software 41 . All human PDZ sequences were taken from te velthius et al. 4 and only which could be mapped to Uniprot ID 42 were used for alignment. Alignment was visualized with Jalview 43 .
Generating dynamic residue interaction network
The distance between all atoms of Cdc42 bound CRIB-PDZ complex (inter/intra-residue with intermediate hydrogen atom) is obtained using cpptraj hbond command with their occupancy in frames extracted at 100ps interval. Using distance cutoff of 4.5Å and occupancy of more than 60%, a filtered interaction map of residues (whose any atom is in contact) is obtained where interaction between ±2 neighboring residues is ignored to get long range structural communications. This complex residue interaction map is loaded in Cytoscape 31 and important residues identified during simulation (Val142 and Cys161) and Pro168 is selected with their first neighbors to get a new interaction network which is focused on these important residues. The resulted network had 13 nodes and 15 edges.
